The molecular immune response of the pulpal tissue during chronic carious infection is poorly characterized. Our objective was to examine the expression of potential molecular mediators of pulpal inflammation, correlate their levels with disease severity, and determine the cellular localization of key molecules. Results indicated that there was significantly increased transcriptional activity in carious compared to healthy pulp, and the increase correlated positively with disease severity. Semiquantitative reverse transcriptase PCR analysis in 10 carious and 10 healthy pulpal tissue samples of the S100 family members S100A8, S100A9, S100A10, S100A12, and S100A13; the cytokines tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), IL-8, IL-6, and epithelial cell-derived neutrophil attractant 78 (ENA-78); and the structural protein collagen-1␣ indicated that all genes tested, with the exception of S100A10, were more abundantly expressed in carious teeth. In addition, we found that the closer the carious lesion front was to the pulpal chamber the higher the expression was for all genes except S100A10. Multiple-regression analysis identified a significant positive correlation between the expression levels of S100A8 and IL-1␤, ENA-78, and IL-6 and between collagen-1␣ and S100A8, TNF-␣, IL-1␤, IL-8, IL-6, and ENA-78. Immunohistochemical studies in carious pulpal tissue indicated that S100A8 and the S100A8/S100A9 complex were predominantly expressed by infiltrating neutrophils. Gene expression analyses in immune system cells supported these findings and indicated that bacterial activation of neutrophils caused upregulation of S100A8, S100A9, and S100A13. This study highlights the complex nature of the molecular immune response that occurs during carious infection.
While previous reports have shown that a variety of immune system cells are recruited to the dental pulp to respond to infection arising from caries (9, 13) , the molecular mediators of this process are poorly characterized. The microbial populations associated with dental caries are highly complex and variable. The mutans group streptococci and lactobacilli are well documented as being key to caries initiation and development; however, during disease progression reports have associated other bacterial flora, such as anaerobic gram-positive cocci (e.g., peptostreptococci) and gram-negative rods (e.g., Fusobacterium, Prevotella, and Porphyromonas), with deeper lesions (19, 29) .
Recently, molecules of the S100 family have attracted great interest due to their cellular and tissue expression profile, association with inflammatory disorders, utility in clinical diagnostics, and potential as novel therapeutic targets. The 18 S100 family members so far described are 10 to 14 kDa in size and contain two EF hand motifs capable of binding calcium. They function in a range of cellular activities, including signal transduction, cell differentiation, regulation of cell motility, transcription, and cell cycle progression (11) . Two of the most well-characterized members are S100A8 and S100A9, which can form a heterodimeric complex with antimicrobial properties. In addition, this complex has an ability to stimulate neutrophil adhesion and chemotaxis and is also involved in arachidonic acid metabolism and transport (14, 15) . Their elevated expression has previously been associated with immune and epithelial cells from a variety of inflammatory disorders (22) . S100A12 has homology with S100A8 and S100A9 but does not interact with either and plays a distinct role during inflammation (30) . S100A12 interacts with the receptor for advanced glycation end products present on macrophages, lymphocytes, and endothelial cells. Subsequent receptor activation results in synthesis and secretion of proinflammatory mediators via the NF-B pathway. High levels of expression of S100A12 have been associated with several inflammatory diseases (11, 26) . S100A10 and S100A13 are less well characterized. S100A10 forms a heterotetramer complex with annexin II, which localizes to the plasma membrane and the endosome and functions in a Ca 2ϩ -dependent manner to regulate membrane traffic and ion currents (33) . In addition, S100A10 has been shown to be involved in the regulation of cytosolic phospholipase A2 synthesis of arcahidonic acid and tissue-type plasminogen activator-dependent plasminogen activation (7, 18) . S100A13 is newly described and most probably represents a secreted protein involved in the release of fibroblast growth factor 1 and synaptotagmin 1 in response to temperature stress (16, 21) .
Cytokines and chemokines are well studied in the host response to bacterial infection and are expressed by a variety of immune and structural cells. They are characterized by their pleiotropism and pluripotentiality and play vital roles in mediating the immune system response by exerting their biological effects on a range of target cells. Certain cytokines, such as tumor necrosis factor-alpha (TNF-␣), interleukin-1␤ (IL-1␤), IL-6, IL-8, and epithelial cell-derived neutrophil attractant 78 (ENA-78) are predominantly proinflammatory and mediate both local and systemic inflammatory responses, with increased levels being associated with a variety of diseases (4, 6, 17, 24, 31) . Structural proteins, such as collagens, can also be increased due to tissue inflammation as a result of infection, and their overexpression can result in fibrotic tissue damage (23) .
So far, only limited studies have been performed on the molecular nature of the dental tissue immune response. Our objective, therefore, was to better characterize the molecules involved by analyzing expression of members of the S100 and cytokine gene families, along with collagen-1␣, in both healthy and carious teeth and to correlate these to disease severity. A better understanding of the molecular mediation of dental tissue inflammation will ultimately facilitate improved future diagnosis and treatment.
MATERIALS AND METHODS
Extraction of dental tissue from human teeth. Carious and sound mature human premolar and molar teeth, extracted for orthodontic purposes from patients in the age range of 20 to 30 years, were obtained immediately postextraction from clinics at the Birmingham Dental Hospital following informed patient consent. Carious teeth exhibited disease ranging from enamel involvement only to deep dentinal lesions. Extracted teeth were either immediately frozen in liquid nitrogen or were submerged in the RNA stabilizing solution RNA Later (Sigma, London, United Kingdom). Teeth were subsequently longitudinally sliced with a segmented diamond-edged rotary saw (TAAB Laboratories, Aldermaston, United Kingdom) and cooled with phosphate-buffered saline (PBS), and the pulpal tissue was carefully removed intact with a sterile dental probe and forceps.
Histological analysis. Both dentine and pulp samples were fixed for 24 h in 10% (wt/vol) neutral buffered formalin (Surgipath, Peterborough, United Kingdom). Following pulpal tissue extirpation, dentine samples were subsequently demineralized in 10% formic acid (Sigma) until they were fully decalcified (approximately 10 days) as assessed by radiography. Both pulp and dentine samples were routinely processed through a series of graded alcohols and xylene and were embedded in paraffin wax (Tissue Tek III). Serial sections 5 m in thickness were cut, dried at 56°C overnight, and stained in Mayer's hematoxylin and eosin (H&E).
Measurement of disease severity. After analysis of histologically prepared dentine serial sections derived from carious teeth, the shortest distance between the microbial front of the carious lesion and the pulp chamber was determined by using a Leitz Dialux 222 microscope fitted with a 10-m ocular ruler at 50-fold magnification. Measurements were performed in triplicate, and the average distances were calculated.
Purification and activation of immune system cells. Following informed patient consent, venous blood from medically healthy donors who had no history of inflammatory disease was collected under sterile conditions in vacutainer tubes containing either heparin sulfate (neutrophils) or sodium citrate (monocytes). Neutrophils were subsequently prepared from 7 ml of venous blood by using a previously described single-gradient (␦ ϭ 1.079) Percoll density centrifugation technique (1). In brief, blood was layered onto the 8-ml Percoll gradient (Amersham, London, United Kingdom) and was centrifuged for 8 min at 150 ϫ g and then for a further 10 min at 1,200 ϫ g to separate blood platelets and mononuclear cells. Neutrophils were subsequently harvested, and contaminating red blood cells were removed by addition of 30 ml of ice-cold lysis buffer (0.83% NH 4 Cl in solution). Cells were then subjected to two 2-ml washes, first in lysis buffer and then in PBS for 6 min at 360 ϫ g, and finally were resuspended in 1 ml of PBS. Prior to stimulation, neutrophil cell counts and viability were determined by using the trypan blue (Sigma) exclusion method. A proportion of isolated neutrophil cells was stimulated by exposing 5 ϫ 10 6 cells to 1 ml of GPBSS (PBS with the addition of 10 mM glucose, 1 mM CaCl 2 , 1.5 mM MgCl 2 ) supplemented with 250 ng of Escherichia coli lipopolysaccharide (LPS) (Sigma) for 3 h at 37°C. As a control, 5 ϫ 10 6 neutrophils were incubated for 3 h at 37°C in unsupplemented GPBSS. Following incubation cells were centrifuged at 1,200 ϫ g for 2 min, the supernatant was removed, and the pellet was used for RNA isolation.
Monocytes were isolated from 200 ml of venous blood by using Ficoll Hypaque (Amersham-Pharmacia Biotech, London, United Kingdom) gradient centrifugation. Extracted blood was diluted at a ratio of 1:1 with Hanks' balanced salt solution (HBSS), pelleted by centrifugation, and rinsed twice more in HBSS. Cells were resuspended in RPMI 1640 medium prior to cell counting. To enrich for monocytes, cells were plated at a density of 4 ϫ 10 6 cells/ml and were incubated at 37°C for 1 h. Plated cells were washed twice in HBSS to remove nonadherent lymphocytes. Monocyte RNA was subsequently harvested from adherent cells. Macrophages were matured by culturing monocytes for 5 days in RPMI 1640 plus 10% fetal calf serum with 50 ng of granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D Systems)/ml. To confirm GM-CSF macrophage maturation, osteopontin gene expression levels were assayed in RNA derived from the monocytes and macrophages (see Fig. 6 ) (10). RNA isolation and cDNA synthesis. Total RNA was extracted by using the RNeasy mini kit (Qiagen, London, United Kingdom) and was eluted in a final volume of 30 l of sterile water as recommended by the manufacturer. Prior to RNA extraction, pulpal tissue was homogenized by using an Ultra-Turrax T8 tissue disrupter (Fisher Scientific, Loughborough, United Kingdom). Subsequently, 0.5 to 1.8 g of DNase-digested total RNA was used for oligo(dT) reverse transcription to generate single-stranded cDNA by using the Omniscript kit (Qiagen). Both RNA and cDNA concentrations were determined from absorbance values at a wavelength of 260 nm using a BioPhotometer (Eppendorf, Cambridge, United Kingdom). The total amount of RNA isolated per pulpal specimen was calculated by multiplying the concentration obtained by the final sample elution volume. All RNA samples used in this study had 260 nm:280 nm ratios greater than 1.8. RNA integrity was additionally verified by visual inspection of samples on 1% nondenaturing agarose gels stained with ethidium bromide.
Sq-RT-PCR analysis. Semiquantitative reverse transcriptase PCR (Sq-RT-PCR) analysis was performed for the human genes encoding S100A8, S100A9, S100A10, S100A12, S100A13, TNF-␣, IL-1␤, IL-6, ENA-78, and collagen-1␣ with the housekeeping gene for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as a control. The primer sequences used are shown in Table 1 . In summary, 50 ng of single-stranded cDNA was used to seed a 50-l PCR, which was subjected to between 28 and 44 cycles. A typical amplification cycle of 95°C for 20 s, 51°C to 60°C for 20 s, and 72°C for 20 s was performed using a Mastercycler thermal cycler (Eppendorf). After the designated number of cycles, 8 l of the PCR mix was removed and the product was separated and visualized on a 1.5% agarose gel containing 0.5 g of ethidium bromide/ml. Scanned gel images were imported into AIDA image analysis software (Fuji, Sheffield, United Kingdom), and the volume density of amplified was products calculated and normalized against GAPDH housekeeping gene control values.
Immunohistochemical analysis. Ten healthy and ten carious adult teeth were used for immunohistochemical analyses. Five-micron tissue sections were rehydrated through xylene and graded alcohols prior to pretreatment with 0.05% trypsin (1:250; Difco) in PBS for 15 min at room temperature and a 30-min microwave treatment in citrate buffer. Slides were washed with water followed by being washed with PBS, and endogenous peroxide activity was blocked with 3% hydrogen peroxidase in PBS (10 min) prior to sections being incubated with a 1:5 
RESULTS
Association between caries and quantity of RNA extracted. Analysis of the average isolated quantities of RNA indicated that significantly higher amounts were obtained from carious versus healthy dental tissue (Fig. 1a) , although a wider distribution in the amount isolated from carious teeth (range, 0.87 to 1.76 g) compared to that of healthy teeth (range, 0.57 to 0.84 g) was observed. A statistically significant correlation was subsequently identified between carious RNA amounts and increasing disease severity, indicating that as the distance from the pulpal chamber to the microbial front decreased the amount of isolated RNA also decreased (Fig. 1b) .
Gene expression analysis in carious and healthy teeth. Sq-RT-PCR analysis was performed in the 10 carious and 10 healthy dental tissue-derived RNA samples with genes previously shown to be associated with the immune and host defense processes. The genes assayed included the S100 family members S100A8, S100A9, S100A10, S100A12, and S100A13, the genes encoding cytokines TNF-␣, IL-1␤, IL-8, IL-6, and ENA-78, and the gene for collagen-1␣. Data indicated that transcript levels from S100 gene family members (except S100A10), the cytokines, and collagen-1␣ were statistically significantly higher (P value Ͻ 0.01) in carious than in healthy pulpal tissue samples (Fig. 2) .
To determine whether expression levels could be used for classification of carious teeth into those exhibiting either shallow or deep carious lesions, the normalized expression levels for the genes assayed were correlated to distance measurements. The ratio of average normalized values at 0.5-mm intervals was subsequently calculated. The data indicated that a distance of less than 2 mm between the microbial front and the pulp chamber gave the highest average expression value for all genes except S100A10 (Fig. 3 ) and hence could be used to describe a deep carious lesion. Conversely, a distance of on October 15, 2017 by guest http://iai.asm.org/ greater than 2 mm from the pulp chamber to the site of injury could be used to identify shallow carious lesions. Notably, when RNA quantities for carious teeth were also analyzed in a similar manner, a comparable result for the definition of deep and shallow carious lesions was obtained (data not shown).
Correlations between GAPDH-normalized gene expression levels. To identify correlations between GAPDH-normalized gene expression levels in the 10 carious disease samples, multiple regression analysis was performed using the SPSS statistical analysis software package. Eight significant positive correlations (P Ͻ 0.05) were subsequently identified between S100A8 and IL-1␤, ENA-78, and IL-6 and between collagen-1␣ and S100A8, TNF-␣, IL-1␤, IL-8, IL-6, and ENA-78 (Table 2) . R 2 values and equation of lines, as determined from scatter plots (data not shown), are also provided for all significant correlations identified ( Table 2 ). Representative scatter plots are shown for the correlations with the highest R 2 values (Fig. 4) .
Immunohistochemical analysis of S100A8 and S100A8/ S100A9 complex. To determine the cellular expression of S100A8 and the S100A8/S100A9 complex, immunohistochemical analysis was performed. The infiltrating immune system cells examined in the coronal areas of the pulp directly beneath the carious lesion stained with antibodies to S100A8 and the S100A8/S100A9 protein complex more intensely than did pulpal fibroblasts and odontoblasts in carious dental tissues, while minimal staining was observed in similar regions of healthy pulps (Fig. 5) . The nuclear morphology of adjacent H&E-stained sections indicated that these cells were neutrophils. To confirm this, sequential 5-m histological sections from carious and healthy dental tissue and inflamed gingival samples were stained with an antibody specific to neutrophil elastase. The staining for both S100A8 and the S100A8/S100A9 protein complex and neutrophil elastase colocalized, confirming that the expression of S100A8 and the S100A8/S100A9 complex in carious samples was attributable to neutrophils (Fig. 5) .
Gene expression analysis in immune system cells. To determine the gene expression profile of the S100 family members, FIG. 3 . Analysis of gene expression levels for S100 family members (a) and cytokines and collagen-1␣ (b) in teeth with deep and shallow carious lesions. Carious teeth with microbial fronts within 2 mm of the pulp chamber were classified as having deep lesions, and carious teeth with microbial fronts further than 2 mm from the pulp chamber were classified as having shallow lesions. Averaged normalized values for each classification group were calculated and plotted. Error bars for one standard deviation from the means are shown. ENA-78 exhibited a statistically significant difference in expression levels between deep and shallow carious lesions (P Ͻ 0.05). 
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on October 15, 2017 by guest http://iai.asm.org/ cytokines, and collagen-1␣, Sq-RT-PCR analysis was performed using RNA derived from monocytes, macrophages, peripheral blood lymphocytes, neutrophils, and neutrophils activated by E. coli LPS. For S100 gene family members, data indicated that S100A8 and S100A9 were more abundantly expressed by neutrophils than by monocytes and macrophages and, as was also the case for S100A13, were upregulated in neutrophils following stimulation. S100A8, -A9, -A12, and -A13 appeared to be more abundantly expressed in monocytes than in GM-CSF-matured macrophages, although considerable differences in expression levels were not evident in all cases. Notably, S100A8, -A9, and -A13 also showed a relatively high expression in the lymphocyte preparation, indicating that they may be expressed by peripheral blood T and B cells. While the gene expression levels of the cytokines also varied in the immune system cell types analyzed, the variations appeared less dramatic than those for S100 family members. Data indicated that for all cytokines analyzed, expression was lower in macrophages than in monocytes, although the degree of downregulation varied. In contrast, the cytokines in general appeared to be upregulated in neutrophils following stimulation with LPS. Collagen-1␣ levels were relatively equal in all RNA samples, although its expression appeared to be downregulated in the GM-CSF-induced macrophages.
DISCUSSION
Carious lesions have previously been shown to be dominated by a variety of infiltrating immune system cells (9, 13) . The increase in cellularity accompanying caries therefore provides the simplest and most likely explanation with regards to the increase in the amount of RNA extracted from diseased compared to healthy pulps. In addition, however, it is also conceivable that an increase in transcription in cells of the dentinepulp complex also accompanies caries as the pulp upregulates its activity in attempts to combat any invading bacteria and/or to initiate repair mechanisms. Notably, our data also indicated that there was an association between RNA amounts and the proximity of the pulp chamber to the microbial front and that the closer the carious lesion was the less the amount of RNA isolated. One possible explanation for this may be that lesions closer to the pulp chamber represent chronic carious infections, whereas shallow lesions may indicate the initial stages of the carious process. Pulps from teeth presenting chronic carious lesions may display inflammatory responses to the carious challenge that compromise localized cell vitality and thereby lead to decreased amounts of extractable RNA. Even prior to carious enamel cavitation, regressive changes can be observed in the pulp (2) . Accumulation of inflammatory cells in the pulp may occur prior to caries invading dentine (3), although once caries has penetrated beyond enamel, pulpal inflammation becomes more prevalent (20) . Such inflammatory events may locally compromise cell vitality.
As only a few limited studies have so far addressed the hypothesis that expression levels of inflammatory and immune system genes are elevated during caries (5, 12, 25, 27, 32) , we analyzed transcript levels of 11 genes predicted to be associated with this process in 10 healthy and 10 carious pulpal specimens. Our data clearly indicated that the expression of all genes examined in this study, except S100A10, were more abundant in carious tissue, although heterogeneity in levels was present in carious samples. Initially, regression analysis was performed to determine if expression levels were directly related to the distance of the microbial front from the pulpal chamber, but significant positive correlation was observed only for S100A13 (data not shown). We therefore sought to determine whether the expression data could be used to define deep or shallow carious lesions and found that for carious teeth having less than 2 mm between the microbial front and the pulp chamber, higher average expression levels (except for S100A10) were observed. Teeth with less than 2 mm of remaining dentine coverage were therefore categorized as having deep carious lesions, and teeth with greater than 2 mm of remaining dentine coverage were categorized as having shallow carious lesions. Interestingly, Hahn et al. (8) previously used similar distances to classify teeth into deep-and shallowcaries categories; however, it appears that their classification system was purely arbitrary and not based on scientific evidence. In addition, they also found that mRNA levels of cytokines IL-4 and IL-10 were more abundant in deep carious lesions than they were in shallow carious lesions, although the opposite was true for gamma interferon. Multiple regression analyses of gene expression levels also identified several significant positive correlations ( Table 2) . If gene expression levels had been assayed by using a quantitative approach, such as Northern blotting, real-time PCR, or RNase protection assays, more significant correlations may have been identified. For example, previous studies have shown that S100A8 and S100A9 proteins form a complex and therefore it is possible that their expression is coordinately regulated (15) . If a quantitative assay had been applied followed by correlation analysis, such a relationship could have been more accurately ascertained. Further experiments in this area using quantitative gene expression analysis technology are, therefore, warranted. It is notable that the S100 proteins and the majority of cytokines studied here have been classified as markers of the acute phase of inflammation (6, 15) , and several S100 family members, including S100A8, -A9, and -A12, have been implicated in the stimulation of proinflammatory cytokines via the NF-B pathway (26) . However, while it is possible that the observed significant positive correlations are a result of positive molecular feedback mechanisms, similar to the one highlighted above, it is equally possible that correlations are cooccurrences which result from independent events, such as bacterial stimulation, which coordinately activates gene expression. It is likely that both mechanisms occur during pulpal inflammation. The identified correlations could also represent changes in cell populations within the carious pulpal tissue indicative of different stages of the disease process and/or may even be due to differences in the composition of the microbial flora which occurs as caries progresses (19) . Recently, Zehnder et al. (32) performed similar experiments analyzing the transcript levels of five cytokines in carious and healthy pulps obtained from 20 individuals. Their findings indicated that statistically significant higher levels of IL-6, IL-8, and IL-18 but not of IL-1␣ and IL-1␤ were present in carious pulps and that there was significant correlation between expression levels of IL-1␣ and IL-1␤ and between IL-6, IL-8, and IL-18 mRNA. In contrast, our data clearly showed that IL-1␤ levels are significantly higher in carious than in healthy pulp specimens (Fig.  2) . Comparison of these two studies, therefore, suggests that analysis of a large sample population of carious tissue using a high-throughput gene expression analysis technique, such as microarrays, and taking into account other important disease factors, such as age of carious lesion, age of patient, disease severity, and infecting microbial populations, would provide a more comprehensive understanding of the multitude of genes important in carious disease. In addition, based on our findings, such analyses would facilitate determination of interrelationships between gene expression, potentially enabling elucidation of the biochemical and molecular networks and pathways involved.
Our immunohistochemical analyses showed that protein levels for S100A8 and the S100A8/S100A9 complex were elevated during carious disease, and serial sections stained with neutrophil elastase indicated that these molecules were predominantly expressed by neutrophils. These data are supported by other studies (15, 22) and by our gene expression analyses showing increased levels in neutrophils (Fig. 6) . While the cells responsible for the expression of the other S100 family members have yet to be determined in carious disease, the data presented here suggests that activated neutrophils may also be a source for S100A13 (Fig. 6) .
It is clear that the immune response due to dental tissue infection and the healing processes of the pulpal tissue are molecularly complex and highly heterogeneous. A more comprehensive knowledge of the pulp's own innate molecular and cellular responses will therefore provide the basis for the development of better diagnostic tools and more efficacious treatment modalities for dental caries. FIG. 6 . Gene expression analysis of S100 family members, cytokines, collagen-1␣, and osteopontin in monocytes (Mo), macrophages (M), peripheral blood derived lymphocytes (PBL), neutrophils (N), and E. coli LPS-stimulated neutrophils (Nϩ). Cycle number at which PCR samples were analyzed is shown in parenthesis. A representative image of duplicate analyses is shown. 
